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Abstract 
White cast iron has been widely used as a wear resistance material for a long time in many industrial applications. It 
is well-known that the elastic properties of the alloy can be greatly affected by reinforced particles or precipitated 
phases. For white cast iron, the precipitated carbides usually refer to Fe2C, Fe3C, Fe23C7, etc. In practice, small 
amount of Cr and B is added into ordinary white cast iron in order to stabilize FexC-type carbides, as a result, the 
obtained carbides can be represented as (Fe, Cr) x C(B). When compared with the ordinary white cast iron, the elastic 
performance of Cr cast iron is enhanced. In recent years, first principles calculations based on density functional 
theory (DFT) have become a powerful tool to investigate the electronic, stability and mechanical properties of 
condensed matter. It is very suitable to study the equilibrium properties of compounds that cannot be synthesized on a 
large scale or are very difficult to obtain enough samples for mechanical tests. We have also used first principles 
calculations to compare the ground state properties of these compounds, but our main emphasis is on the mechanical 
aspect. The calculated mechanical properties of Cr7C3, Fe2B and Fe3C may be extremely useful for us to clearly 
understand the origin of such mechanical performance, because the mechanical response of solids, as we knew, is 
determined by chemical bonding among distinct atoms.  
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1 Introduction 
Many kinds of cast iron products have found a lot of important applications in abrasive resistance 
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devices [1]. The mechanical performances of the cast iron are highly dependent on the chemical 
compositions, microstructures and fabrication methods [2]. Being used as the abrasive resistance material, 
the cast iron should have high fracture toughness and hardness. It is well-known that the precipitated 
carbides and borides in the cast iron play a key role for the improvement of the abrasive resistant [3]. The 
crystal structures of these carbides and borides are known, however, the fundamental physical and 
chemical properties of them are not very clear, because it is usually difficult to fabricate the massive bulk 
for the property investigations. Ab-initio calculations provide the powerful solutions for this problem. 
Shein [4] studied the electronic and magnetic properties of X3C (X=Fe, Co, Ni) by applying DFT 
calculations. They found that Fe3C was meta-stable and had a positive value of formation enthalpy. Chen 
et al [5] have applied empirical potentials to study the stability, mechanical and thermodynamic properties 
of X7C3 (X= Mn, Cr, Fe). Music et al [6] investigated the electronic structures and mechanical properties 
of Cr7C3 using VASP code. It is indicated that one of the polymorph of Fe2B is unstable and can be 
prepared by applying non-equilibrium methods. Several multi-component carbides in the irons were 
investigated by the first principles calculations, such as (Fe,Si)3C, (Fe,Cr)3C, Fe12Cr12W4C8B4 and etc [7]. 
In the case of Si doped Fe3C, it is found that the solubility of Si in Fe3C is low and the defect formation 
energy of SiFe is very high. Si atom prefers to substitute the Fe at 4c site which differs to Cr doped Fe3C 
[8]. These calculations may provide more information on the electronic properties and mechanical 
performances of the real carbides in the steels and irons. Xiao, et al has reported the mechanical 
properties of X2B compounds by first-principles [9, 10]. In this paper, we have also used first-principles 
calculations to simulate the mechanical properties of carbides and borides in cast iron. 
 
2 Methods and details 
The first-principles calculations based on DFT [11] as implemented in CASTEP code [12] were 
employed to investigate the ground state properties of carbides and borides in cast iron. We employed 
gradient corrected exchange-correlation energy of the PBE (Perdew±Burke±Ernzerhof) scheme to 
represent many body interactions among electrons [13]. The electrostatic interactions between valence 
electrons and the ionic core were represented by ultra-soft pseudo-potentials (USPPs). The average force 
acting on ions was reduced to 1.0×10-6eV/atom. Monkhorst-Pack scheme was used for K-point sampling 
(10×10×10) in the first irreducible Brillouin zone (IBZ) for all structures. The valence electrons 
considered in this study are 3s23p63d54s14p1, 3d64s2, 2s22p2 and 2s22p1 for Cr, Fe, C and B, respectively. 
3 Results and discussions 
 
Fig.1 crystal structure of X7Y3 type (a), X2Ytype (b), X3Ytype (c) compounds in cast iron. 
Fig.1 shows the crystal structures of these carbides and borides in cast iron. Atomic configurations in 
Cr7C3 and Fe3C are similar to each other; and the carbon atom is placed at the centre of the triangular 
primes of metal atoms. Nevertheless, in Fe2B, one can see a sheet structure along the z axis where the B 
layer and the Fe layer are configuring alternately. Structural differences may lead to different chemical 
bonding features and affect the mechanical properties and chemical stability of the compound. 
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To investigate the mechanical properties of carbides and borides in cast iron, we performed 
calculations of the equations of state (EOS) [14]. The mechanical properties of materials can be 
characterized by several parameters, such as isothermal bulk modulus (B0), shear modulus (G) and 
<RXQJ¶VPRGXOXV (E). All these values can be calculated by the DFT method directly if the cell size is 
moderate. In this paper, we have calculated the mechanical response of these compounds by fitting the 
solid state of equation with Birch±Murnaghan third order EOS (equation (1)). We applied EOS to fit these 
curves and obtained the bulk modulus (B0), the pressure derivative of B0` and the equilibrium cell volume 
(V0) for the corresponding crystal. 
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In the above equations, the first one represents the E (V)-V curve and the second one is the relationship 
between the external pressure P (V) and cell volume V. As can be seen clearly in the equation, E (V)-V 
curve is obtained by ab-initio calculations and then we fit the EOS to evaluate 0B ,
'
0B and V0. In first-
principles calculation of mechanical properties, we evaluated the full set elastic constants of the 
compound, and then we calculated other mechanical parameters by Voigt-Reuss-Hill approximation [15]. 
 
Tab.1 The evaluated mechanical parameters, the results of Al and diamond are depicted for comparisons 
Species Method Bo (GPa) Bo` G (GPa) E (GPa) B/G Ref 
Cr7C3 EOS 311.68 4.26 143.85 374 2.16 This work 
EOS 309 - - 371  [6] 
Fe2B EOS 331.04 4.44 152.77 397.22 2.16 This work 
DFT 194.00 - 67 190 2.89 [16] 
DFT 249.73  60.24 184.3 4.0 [9] 
EOS 164±14 4.4±0.5 - -  [17] 
Fe3C EOS 259.20 4.25 119.63 311.04 2.17 This work 
FLAPW 235     [8] 
FLAPW 226.8     [8] 
VASP 276  106  2.60 [18] 
Fe11CrC4 EOS 260.55 4.75 120.25 312.66 2.16 This work 
Cr3C EOS 298.24 4.23 137.70 358.00 2.18 This work 
Fe16Cr12C12 EOS 330.19 4.42 152.3954 396.228 2.17 This work 
Fe12Cr12W4C12 EOS 358.56 5.81 165.4892 430.272 2.17 This work 
Fe12Cr12W4C8B4 EOS 306.64 4.29 141.5262 367.968 2.17 This work 
C (diamond) EOS+DFT 436.8 3.30 - -  [19] 
Al EOS+DFT 81.92 4.49 - -  This work 
 
In Tab.1 we can see that the DFT predicted E and G values of Fe2B are rather small, and both values 
are less than 80GPa and much smaller than Cr7C3 [(Fe,Cr)7(C,B)3 and W doped structures] and Fe3C 
[(Fe,Cr)3C]. One may expect that Fe2B should be soft at low pressure but brittle at high stress. This kind 
of strange mechanical response is caused by the layered structure of Fe2B and strong chemical repulsion 
forces among Fe atoms at Fe layers. Most importantly, Fe-B bond between layers is weak when compared 
with that B-B bond at B layers. Mechanical grinding caused decomposition or phase transition of Fe2B 
has been reported elsewhere [17]. The mechanical properties of (Fe,Cr)3C phase are slightly better than 
Fe2B. As our previous work, the most stable phase is Cr7C3 and Fe3C is a meta-stable structure [3]. Most 
importantly, the calculated mechanical performance of Cr7C3 is superior to Fe3C and Fe2B. The bulk 
modulus value of Cr7C3 is near 310 GPa which is comparable to c-CSi2N4 (309.5GPa) [20], c-Si3N4 
679J. Feng et al. / Procedia Engineering 31 (2012) 676 – 681
(280GPa) [20], OsB2 (239.80GPa) [19], smaller than c-C3N4 (377.6GPa) [20]. The bulk modulus of it can 
be further improved by doping with W, Mo, Cr and etc. Cr7C3 has a relatively large Bo` value which can 
deteriorate its performance at high pressure. The presence of strong directional bonds can improve the 
hardness and toughness of Cr7C3 JUHDWO\%DVHGRQ*DR¶VWKHRU\ [21], the hardness of covalent solids is 
intrinsic and can be calculated by the sum of the resistance of each bond per unit area to the indenter. In 
the metals, the metallic bond among atoms is isotropic and weak; dislocations can be easily created by 
external force. In contrast, in covalent compounds the chemical interactions are highly anisotropic and 
very strong along certain direction, and the deformation process is always associated with the broken and 
recreation of covalent bond.  
 
 
Fig.2 The calculated V/V0 versus external pressure curves for various compounds 
 
Fig.2 shows the mechanical performance of these compounds could be affected enormously by the 
variation of external pressures. The curve for the hardest material is situated in the upper part of the figure 
and is close to the pressure axis. In order to illustrate the mechanical response of Cr7C3, Fe3C and Fe2B at 
high pressure qualitatively, the results for Al and diamond are also shown. It is evident that Cr7C3 is the 
best among the three crystals. In Tab. 1, the calculated B/G for all the compounds is shown. The largest 
B/G is attributed to Fe2B and for the other compounds that value is near 2.17. The critical B/G value is 
1.75, the carbides and borides studied in this paper are all metallic in nature, indicating that Fe3C, Cr7C3 
and the corresponding multi-component compounds are harder than the Fe2B phase. 
The strongest covalent bond is attributed to Cr7C3 and should be the hardest material among these 
compounds. Recently, the single phases of Cr7C3 and Cr23C6 have been synthesized by pulsed electric-
current pressure sintering method in ref [22]. The measured average Vickers hardness value of them is 
16GPa and 14.5GPa, respectively. The corresponding fracture toughness is 6.3 MPam1/2 for Cr7C3 and 
4.4MPam1/2 for Cr23C6. For comparisons, we also like to mention several hardness values calculated by 
HPSLULFDOPHWKRGVEDVHGRQ*DR¶VWKHRU\LQUHI>21]: Diamond (93.6 GPa); c-BN (64.5 GPa); GaN (18.1 
GPa); Al2O3 (20.6 GPa). We conclude that the hardness value of Cr7C3 is close to Al2O3 and GaN, but 
less harder than other covalent compounds. The micro-hardness of Fe2B phase in boron cast iron is near 
14GPa, and is very close to pure Cr7C3 phase. The fracture toughness of the monophase of Fe2B range 
from 2.79MPam1/2 to 4.79MPam1/2, and which is considerably smaller than the single Cr7C3 phase. For 
pure Fe3C phase in white cast iron the hardness is at least above 8GPa (8-11GPa) whereas the reported 
value in ref [23] is 10GPa for pure Fe3C and 13.5GPa for Fe10Cr2C4, respectively. The low hardness 
values of the three compounds are mainly caused by metallic bonds among metal atoms. They are much 
harder than the corresponding pure metals because of the strong covalent bonds that introduced by 
interstitial atoms. This implies that the mechanical performance of these compounds can be further 
improved by doping with the strong carbide or boride forming elements such as Nb, Ti, V, W and Mo. In 
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the case of Fe2B, the bulk modulus value increases to 300GPa by Nb doping. The chemical compositions 
of borides in boron cast iron are complicate because of the alloying elements. For example, the (Cr,Fe)2B 
and Fe2(B,C) can be frequently observed in the experiments. Other compounds are also possible such as 
FeB, Fe3B, (Fe,Cr)23(C,B)6 and etc. High temperature oxidation resistance and hardness of Cr7C3 can be 
improved by doping with Mo, W, Ti [23]; the obtained Cr7C3 type multi-component carbides could have 
high hardness at least close to Cr7C3 [24]. The chemical stability is also greatly enhanced. Both the 
chemical stability and hardness are important for the practice applications. Addition of Cr in Fe3C 
improves the hardness and compression strength of Fe3C [23]. 
 
4 Conclusions 
We have used both the DFT calculations and EOS to investigate the mechanical performance of Cr7C3, 
Fe3C and Fe2B. The mechanical properties of the studied compounds are estimated by fitting the EOS. 
The largest values of B0, E and G are all attributed to Cr7C3. The calculated B0 of Cr7C3 is 310 GPa. 
Finally, the bulk modulus of Fe2B is calculated to be 200 GPa using the DFT method and is slightly larger 
than the experimental value of 164 GPa. We also find that both the hardness and the stiffness of the Cr7C3 
type carbides can be improved by doping with B, W, Mo, etc. The calculated results predicted the Cr7C3 
is the best both in stability and mechanical performance in cast iron. 
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